Tungsten doped amorphous carbon films are prepared on silicon ͑100͒ by postimplantation of tungsten ions into pure amorphous hydrogenated carbon using the plasma immersion ion implantation technique. The peak concentration of tungsten reaches 27 at. % and W-C nanocrystallites with largest diameters of ϳ5 nm are formed in the near surface region. Both the quantity and size of these nanocrystallites are observed to undergo unique transformation with increasing depths, enabling gradual release of the compressive stress and subsequently leading to better adhesion between the film and substrate. The film structures are evaluated by x-ray photoelectron spectroscopy and glancing angle x-ray diffraction, and high-resolution transmission microscopy is employed to investigate the structural transformation. The mechanical properties of the films including adhesion strength and hardness are determined by nanoindentation and nanoscratch tests. The formation of the nanocrystalline structures can be explained by ion implantation induced damage, chemical effects, and thermodynamics.
I. INTRODUCTION
Amorphous carbon films have excellent properties including high hardness, low friction coefficient, high chemical inertness, and good corrosion resistance. [1] [2] [3] [4] [5] Tungsten carbide ͑WC͒ coatings are also widely used industrially for protection against wear, erosion damage, and high temperature oxidation. 6, 7 However, the relatively high coefficient of friction of unlubricated WC limits its overall performance and applications. In addition, WC coatings can sometimes fail due to their high elastic modulus and absence of plastic compliance. 8 Hence, W doped hydrogenated amorphous carbon films which combine the advantages of the two structures have attracted attention. These films typically consist of 80-90 at. % C and exhibit tribological characteristics similar to hydrogenated diamondlike carbon ͑H:DLC͒ with lower friction coefficients. They also possess better thermal stability and oxidation resistance than H:DLC. [8] [9] [10] [11] Although a number of methods such as plasma-assisted chemical vapor deposition, magnetron sputtering, and ion beam assisted deposition have been developed to produce WC amorphous hydrogenated carbon ͑a-C:H͒ films, 12 it has been shown that carbide crystallinity is relatively difficult to achieve in the WC / a-C : H structure at low substrate temperature in comparison with other metal doped a-C : H films such as TiC / a-C:H. 13, 14 In this work, acetylene ͑C 2 H 2 ͒ plasma immersion ion implantation and deposition is used to produce carbon films with better adhesion with the substrate. 15, 16 Tungsten ion implantation was subsequently conducted without breaking vacuum to produce the WC / a-C : H films. The crystal phases of the embedded tungsten carbide in the amorphous carbon matrix exhibit a gradual transformation in terms of quantity and size. The effects of this unique structure and graded change are investigated by monitoring the chemical states, microstructure, and mechanical properties. The formation mechanism of these nanocrystallites, as well as their gradual transformation, is discussed from the perspective of ion implantation.
II. EXPERIMENTAL DETAILS
Silicon ͑100͒ wafers were precleaned in acetone ultrasonically and then rinsed in ethanol. The films were fabricated in a multipurpose plasma immersion ion implanter ͑PIII͒ equipped with several plasma generating tools including radio frequency ͑rf͒ discharge, hot filament discharge, and vacuum arc metal plasma sources. [17] [18] [19] Prior to film deposition, the substrates underwent Ar + sputter cleaning for 5 min at a base pressure of 2 ϫ 10 −3 Pa to remove surface contaminants and surface oxide. A mixture of acetylene a͒ Author to whom correspondence should be addressed. Tel: 852-27887724. FAX: ϩ852-27889549. Electronic mail: paul.chu@cityu.edu.hk.
͑C 2 H 2 ͒ and argon was subsequently bled into the chamber at a constant flow ratio of 20: 5 SCCM ͑SCCM denotes cubic centimenter per minute at STP͒ to a working pressure of 1.22ϫ 10 −1 Pa, and the plasma was triggered using ͑rf͒. Film deposition was carried out at a constant rf power of 200 W. The pulse duration was about 200 s and the pulsing frequency was 40 Hz. A negative bias voltage ͑−20 kV͒ was applied to the substrates during deposition to improve film adhesion by means of ion mixing. The processing time was 2 h and the resulting a-C : H film thickness was approximately 200 nm. Afterward, tungsten PIII was conducted without breaking vacuum, thereby eliminating potential contamination during sample transfer. The target negative bias V i was −20 kV, the main arc average current I a was 1.0 A, and the pulse repetition rate f was 40 Hz. Synchronization of the target bias and vacuum arc pulses ensured pure metal PIII without significant metal deposition. W PIII was performed for about 1 h to achieve an approximate implant fluence of 2.5ϫ 10 17 ions cm −2 . X-ray photoelectron spectroscopy ͑XPS͒ was performed on a Physical Electronics PHI-5802 to determine the composition and chemical structure of the films. The core peaks of C 1s and W 4f were recorded and analyzed every minute. To eliminate interferences from surface contamination and oxides, the XPS spectra were acquired after 2 -3 nm of the surface was sputtered by Ar ions. Raman spectra excited by a 514.5 nm Ar + laser were acquired to investigate the structural characteristics of the carbon films. The spectra were analyzed by Gaussian curve fitting and linear background subtraction. X-ray diffraction ͑XRD͒ was used to investigate the crystalline phases of the thin films. The XRD analysis was performed using a Philips X'Pert x-ray diffractometer with a Cu K␣ monochromatized radiation source ͑ = 0.154 nm͒ operated at 40 kV and 40 mA. The samples were scanned for a range of 2 from 20°to 100°in the symmetric diffraction mode for analysis of the bulk of the film as well as in the asymmetric mode ͑glancing incidence of 0.5°͒ to obtain more detailed information about the near surface. High-resolution transmission microscopy ͑HRTEM͒ ͑JEM-2100F/UHR͒ was employed to characterize the microstructure. The hardness was determined by nanoindentation measurements using a three-sided pyramidal diamond ͑Berk-ovich͒ indenter with options for continuous stiffness measurement. A series of indentations was performed in the range of depths from 20 to 200 nm. Five indents were averaged to determine the mean H value of each load to improve the statistics. Because of the limited film thickness ͑ϳ200 nm͒, it should be noted that the hardness is affected by the film as well as substrate. The scratch resistance of the films was assessed by a nanoscratch test performed on a Rockwell diamond indenter with a radius of 5 m on the face direction in order to delaminate the films. The experiments were performed in a clean-air environment of ϳ45% relative humidity at an ambient temperature of ͑22± 1͒°C. The sample surfaces were examined by optical microscopy during the test.
III. RESULTS AND DISCUSSION
The XPS elemental depth profile acquired from the W-implanted a-C : H film is depicted in Fig. 1͑a͒ . The W peak of 27% is located at ϳ6 nm from the surface. Afterward, the W concentration decreases gradually while the carbon content increases. As shown in Fig. 1͑b͒ , the W-implanted layer displays a gradual structural change with depths as reflected by the intensities of two peaks which can be assigned to tungsten monocarbide ͑WC͒ and W-C bondings. The C 1s spectrum in Fig. 1͑c͒ shows a broadened peak on the surface that can be deconvoluted into three subpeaks at 283.1, 284.2, and 285.1 eV corresponding to tungsten carbide, graphitic carbon, and disordered carbon, respectively. 20, 21 With increasing depths, the C 1s peak shifts toward higher binding energies indicating reduction in the W-C and graphitic carbon contents. The structural changes in the W-implanted a-C : H are confirmed by the glancing incidence XRD spectra in Fig. 2 . Compared to the amorphous carbon film, the newly formed and broadened peak between 53°and 57°can be attributed to a nanocrystalline WC 1−x ͑200͒ phase, whereas the other two narrower peaks suggest the presence of large particles of WC 1−x ͑211͒ and WC ͑102͒, respectively. 20, 22 Figure 3 shows the Raman spectra disclosing the structural change of a-C : H film after W ion implantation. After implantation, the total Raman scattering intensity ͑peak height͒ decreases markedly because of the formation of a centrosymmetric phase WC, which is inactive to Raman excitation. The G-peak position of the implanted film shifts from 1543.5 to 1555.6 cm −1 . It is known empirically that a higher wave number of the G-peak position reflects a larger graphitic component. It can be further demonstrated that there is an increase in the D-peak intensity relative to that of the G peak, attributable to the disorder activated optical zone-edge phonons. This increase has also been previously correlated to an increase in the sp 2 / sp 3 bonded carbon in the film. 22 The improved sp 2 fraction may be due to energetic ion bombardment during ion implantation that graphitizes the film, thereby promoting the growth of sp 2 carbon. Figure 4 depicts the cross-sectional TEM images of the two films. Compared to the pure a-C : H film in Fig. 4͑a͒ , an ϳ40 nm thick dark region with a crystalline phase can be observed in Fig. 4͑b͒ . The area indicated by the red square is magnified and displayed in Fig. 4͑c͒ . The largest diameter of the WC 1−x crystallites is about 6 nm. With increasing depths, both the degree of crystallinity and size of the crystallites diminish gradually until they are finally dissolved in the amorphous carbon matrix. Our observation is different from the W / a-C : H film with uniform crystallite size reported by others. The high-resolution TEM microstructure and corresponding selected area electron diffraction pattern of the tungsten-carbon crystallites dispersed in the near surface are shown in Fig. 4͑d͒ . Polycrystalline rings composed of small diffraction spots are observed, demonstrating the coexistence of nanoscale crystalline phases with different crystallites.
As shown in Fig. 5 , there is a slight enhancement in the hardness of the a-C : H film after W ion implantation. Though tungsten carbide is known as the strengthening phase and is present in the a-C : H film, the increasing sp 2 contents may weaken the strengthening effects and result in limited improvement in the hardness. Figures 6͑a͒ and 6͑b͒ show the behavior of two films scratched with a ramping load. For the untreated a-C : H sample, the film yields at the first critical load of 123.5 mN with partial delamination as revealed by optical microscopy. Obvious failure occurs at 181.6 mN when cracking occurs both inside and outside the scratch track. Although there is no apparent improvement in hardness, the film that has undergone tungsten ion implantation displays better resistance in the scratch tests. Different from the scratch behavior of the pure a-C : H film, three stages corresponding to three critical loads are observed from the W-implanted sample. The first critical load is found at 137.4 mN, which is related to localized blistering in the film. The second critical load of 206.3 mN represents tensile-type cracks in the film. In spite of the substrate being exposed, cracks are found to be limited on the film and not propagate to the substrate in the second regime. The tip continually punches until final failure occurs at 292.5 mN where the negative displacement is about 400 nm. It can be inferred that the film under the tip still offers protection even though the film has fractured. After W implantation, the higher graphite content in the modified layer provides selflubrication which can decrease wear damage while the graded nanocrystalline phase provides a more compact structure with reduced porosity that is typically the principal source of mechanical weakness. Meanwhile, the stress may also be a source of toughening, as compressive stress tends to suppress crack propagation. 23 The gradual transformation of the grains helps transfer the stress from the film surface to the interior gradually so as to prevent stress revulsion, subsequently leading to better adhesion strength between the film and substrate. Compared to the W doped DLC with uniform WC grains produced by traditional techniques, implantation of tungsten ions into the amorphous carbon film leads to gradual transitions in both the grain size and nanocrystalline quantities. Ion implantation produces metastable layers in the implanted materials via nonequilibrium processes. In this study, in addition to introducing tungsten into the host carbon film, ion implantation is found to reproducibly alter the level of disorder within the host structure leading to the desirable changes in the surface properties of the a-C : H film.
The XPS results indicate that the tungsten depth distribution deviates somewhat from the Gaussian profile. By accounting for the formation of tungsten carbide, the tungsten depth distribution is determined predominately by comprehensive factors including ballistic mixing effects, chemical effects, and thermal diffusion. Considering surface sputtering and tungsten thermal diffusion, the tungsten distribution can be expressed as
where C W͑x͒ is the tungsten atomic concentration at a depth x from the surface, n o is the atomic density of the substrate ͑cm −3 ͒, Y is the coefficient of sputtering, S͑⌽͒ is the diminished thickness of the surface after implanting a fluence of ⌽ ͑nm͒, D is the coefficient of diffusion corresponding to the Arrhenius equation ͑ln D ϳ 1 / T͒, t is the process duration ͑s͒, R p is the ion projected range, and ⌬Rp is the straggle. According to the HRTEM results, the W-C nanocrystallites exhibit gradual transformation in terms of not only the nanocrystallite quantity but also the crystallite size with depth. Tungsten ions with 20 kV energy are implanted into the carbon film leading to the formation of tungsten carbide as the precursor ordered clusters in the amorphous carbon phase. Nucleation and growth of the crystallites evolve by atomic jumping and transformation. The growth rate may be expressed by
where r a is the atomic diameter, v 0 is the atomic jump frequency, and Q is the activation energy for the crystal growth. When the incident ions impact the matrix, the energy perpendicular to the film is absorbed to promote the energetic vibration. The distribution of tungsten has a significant impact on this process. In addition to the larger amount of the precursor W-C, the atoms in the tungsten rich region are believed to be activated by the bombardment resulting in the improvement of the jumping frequency ͑v 0 ↑ ͒ and accelerating the growth rate of the nanocrystallites. Furthermore, the growth rate increases with temperature which is increased by ion bombardment. Last but not least, owing to the large volume fraction of the interfaces in the nanocrystalline samples, the amorphous to nanocrystalline transformation may be considered as a "decomposition" of the amorphous phase into nanometer crystallites and interfaces, supposing that the interface can be regarded as a separated "phase" in the nanocrystalline sample, 26 i.e., amorphous solid ⇒ ͑nanometer crystallites͒ + interfaces.
͑3͒
The Gibbs free energy change for the overall transformation may be expressed as follows if the interaction effect between the interface and the nanometer crystallite is neglected:
where x i is the atomic fraction of the interfaces in the nanocrystalline sample, ⌬G f is the Gibbs free energy of formation for the different phases, and the superscripts a, c, and i denote amorphous, nanometer crystallite, and interfaces, re- spectively. According to the thermodynamic equilibrium condition for a phase transformation, the maximum value of the interfacial fraction when ⌬G͑T͒ =0 is
The atomic fraction of the interface is inversely proportional to the average grain size d,
relative to the thickness of the interface͒. Assuming that the thickness of the interface is independent of the grain size, the corresponding minimum grain size d * is
It can be seen that the grain size limit is strongly dependent on the Gibbs free energies of the three different states: amorphous, interfaces of the nanocrystallites, and crystalline phases. Assuming
Evidently, ⌬G i and ⌬G a are the excess Gibbs free energies for the interface and the amorphous phase, respectively, related to the corresponding crystalline phase. However, in the stage that crystallization of a primary phase is controlled by atomic diffusion, a compositional pileup in front of the growing crystal exists. The nanocrystallization products always contain randomly oriented nanocrystallites, between which there are frequently high-angle grain boundaries in higher energetic configurations. Hence, they have a large excess volume of the interface, ⌬V in = V in / V 0 Ј−1 ͑where V in and V 0 Ј are the specific volumes for the boundary and perfect crystal, respectively͒, which is one of the most important parameters FIG. 4 . ͑Color online͒ High-resolution TEM images of cross section of ͑a͒ pure a-C:H film and ͑b͒ W-implanted a-C : H film; ͑c͒ magnification of the W modified region which is marked by the red square in Fig. 4͑b͒ ; ͑d͒ magnified image of the nanocrystallite on the surface of W-implanted film with the selected area electron diffraction patterns ͑small diffraction spots are marked by the white arrow͒. designating the structure of an interface in comparison with a single crystal. 27 It is found that the value of the ratio ⌬G i / ⌬G a depends strongly on the interfacial excess volume. The study indicates that d * increases with increasing ⌬V in at a given temperature. Because of the large size and heavy weight, implantation of tungsten gives rise to severe damage in the amorphous carbon matrix causing displacements from the surface to the interior of the film. Compared to the perfect structure, the appearance of defects leads to large interfacial excess volumes. The distribution of damage estimated from simulations performed with the TRIM code is displayed in Fig. 7͑a͒ . The damage is collected almost near the surface ͑region 1͒ and gradually mitigates with depths ͑regions 2 and 3͒, and the trend is similar to that of the tungsten distribution in Fig. 7͑b͒ . It suggests that more interfacial excess volumes resulting from the rigorous defects may provide the driving force for the grain growth of d * , which is in agreement with the TEM results. Hence, the gradual transformation in both the nanocrystallite quantity and size produced after W ion implantation stems from the physical effects of ion implantation. 
IV. CONCLUSION
W doped a-C : H films with superior properties have been produced by implanting tungsten ions into amorphous carbon films by plasma immersion ion implantation and deposition. The structural and mechanical characteristics of a-C : H and W-implanted a-C : H films are investigated and compared. Different from conventional W-C:H films with uniform distributions of tungsten carbide, W ion implantation leads to graded nanocrystallite size and quantity distributions. The unique graded structure helps transfer the compressive stress induced by ion implantation from the film surface to the interior gradually so as to prevent stress revulsion. It thus promotes the adhesion strength between the film and substrate. The formation mechanism of nanocrystallites can be explained by ion implantation physics and thermodynamics. The combination of damage driven and chemical effects contribute to the distinguished structure in the amorphous carbon film. Our results suggest an alternative means of producing W containing amorphous carbon films with graded structures and improved mechanical properties. 
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